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The objective of this PhD-project has been to develop and enhance the operational behaviour of 
autonomous or automated conventional machines under out-door conditions. This has included 
developing high-level planning measures for the maximisation of machine productivity as an 
important element in the continued efforts of planning and controlling resource inputs in both 
arable and high value crops farming.  The methods developed generate the optimized coverage 
path for any field regardless of its complexity on 2D or 3D terrains without any human intervention 
and in a manner that minimizes operational time, skipped and overlapped areas, and fuel 
consumption. By applying the developed approaches, a reduction of more than 20% in consumed 
fossil fuel together with a corresponding reduction in the emissions of CO2 and other greenhouses 
is achievable. 
In this work, a software package for the autonomous navigation of field robotics over 2D and 3D 
field terrains and the optimization of field operations  and machinery systems have been 



















Thesis principal supervisor 
Claus G. Sørensen Associated Professor, Dept. of Engineering, Faculty of Science and 
Technology, Aarhus University, Denmark 
Thesis scientific supervisor 
Dionysis D. Bochtis Associated Professor, Dept. of Engineering, Faculty of Science and 
Technology, Aarhus University, Denmak 
Assessment committee 
Peter Gorm Larsen Professor, Dept. of Electronics and Computer Engineering, School of 
Engineering, Aarhus University, Denmark 
Thomas Bak Professor, Section for Automation & Control, Faculty of Engineering, 
Aalborg University, Denmark 
Elisabeth Quendler Assistant Professor, Division of Agricultural Engineering, University of 
Natural Resources and Life Sciences, Austria 
 
This research was conducted under the auspices of the Graduate School of Science anAgriculture, 




The application of global positioning systems (GPS) in agriculture is currently a key issue as 
the basis for all-weather and high accuracy navigation systems. The development of automatic 
guidance and enhanced steering systems has advanced rapidly with the introduction of satellite 
technology and GPS supplemented with correction signals. One of the main reasons behind the 
increased interest in automatic guidance systems is the significant potential of these systems in 
finding the optimal coverage path that minimizes costs and environmental impacts from field 
operations. These guidance systems are the core components of any GPS-based automated guided 
vehicle, autonomous system, or robots, and understood as intelligent machines capable of self-
management and designed to operate independently in a dynamic environment with minimal or 
no remote human intervention.  
The aim of the PhD project was to develop reliable, robust, timely, and complete coverage 
path planning algorithms and models for both convex and non-convex field polygons and 
regardless of the complexity of the field boundary. The pursued approach build on the basic 
method of minimizing the non-working time or distance by optimizing the driving angle and the 
sequence of the field-work tracks, instead of following current standard motifs. The method is 
based on the field coverage problem being expressed as the traversal of a weighted graph allowing 
for finding the optimal track sequences by deriving the shortest traversal in the graph. The weight 
of the graph arcs could be based on any relative optimisation criterion, such as total or non-
working travelling distance, total or non-productive operational time, a dedicated soil compaction 
measure, etc. Building on these basic path coverage measures, a complete tool that generates the 
geometrical representation of the field and the subsequent optimal coverage plan was developed. 
The developed geometrical representations and algorithms are capable of dealing with both 
2D and 3D field terrains as a way to fully represent the topographical characteristics of specific 
fields. Also, the developed suite of algorithms are computationally efficient with an enhanced 
optimization performance and compatible with the often low computing power of the on-board 
computers that controls and monitors the vehicle’s various operating parameters. Specifically, a 
set of 2D coverage path planning algorithms are developed that can generate straight and curved 
field tracks parallel to an edge of a field or, alternatively, parallel to a user defined driving or 
steering angle. Based on specific field characteristics, the developed methods can divide a field 
into sub-regions and find the optimal path in each sub-region. Also, a simplified 2D coverage path 
planning algorithm was developed which significantly reduces computing time to around 30% of 
the computing time of the original algorithms and therefore suits the often low-computing power 
of on-board computers. Specific applications of the coverage path planning tool involve the 
management and planning of autonomous operations such as grass cutting, lawn striping, pitch 
marking in football stadiums, etc. As a way to minimize operations time and driving distance on 
headlands, driving angle and track sequencing optimization algorithms are invoked together with 
a complete coverage path planning algorithm that clusters field tracks into blocks and finds the 
optimum sequence of blocks in a manner that minimizes the driving distance between these 
blocks and avoids collision with field obstacles. As part of more accurately representing the 
topography of specific fields, a 3D terrain coverage path planning algorithm was developed that 
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considers the elevation of field terrain that can be used for minimizing fuel consumed in various 
field operations and for various soil surface conditions. In 2D field representation, an optimal 
driving pattern is derived by which field operations are done in a manner which minimizes the 
amount of driving over field area and hence reducing soil compaction and fuel consumption. In 
3D field representation, power models which consider elevation of field terrain are used to 
accurately estimate fuel consumption and hence finding the optimal driving pattern to drive up 
and down field hills in a manner which minimizes total fuel consumption. Simulation results 
showed that a reduction of fuel consumption in the range of 10-15% can be achieved when 
applying the optimized 2D coverage path planning in field operations. Reduction in fuel 
consumptions can exceed 20% in case of applying the optimized 3D coverage path planning in 
field operations. In addition to the economical impact of energy savings as a result of the 
application of the optimized coverage planning, environmental impact represented by a similar 
amount of reduced emissions of CO2 and greenhouse gases are achieved. 
  




















Anvendelsen af  GPS (global positioneringssystem) i landbruget er i øjeblikket i fokus som 
grundlag for stor præcision i navigationssystemer til landbrugsmaskiner. Indførelsen af 
satellitteknologi og GPS med korrektionssignaler har ført til en hurtig udvikling af automatisk 
styring. Styresystemerne er de centrale elementer i ethvert GPS-baseret, automatisk styret køretøj, 
autonom maskine eller robot, som er beregnet til at operere selvstændigt i et dynamisk miljø med 
minimal eller ingen menneskelig indgriben gennem f.eks. fjernbetjening. 
En af de vigtigste årsager til den øgede interesse for automatiske styresystemer er det 
betydelige potentiale for ved hjælp af disse systemer at finde den optimale rute, som  minimerer 
omkostninger og miljøpåvirkninger fra markarbejdet. 
Formålet med ph.d.-projektet var at udvikle pålidelige, robuste og præcise algoritmer og 
modeller til planlægning af kørselsruter i uregelmæssige marker. De udviklede geometriske 
beskrivelser og algoritmer er i stand til at håndtere markoverfalder i både 2D og 3D og dermed 
tage højde for de topografiske forhold på marken. Algoritmerne er samtidig beregningsmæssigt 
effektive og i stand til at optimere ydeevnen af den ofte begrænsede kapacitet i de påmonterede 
computere, der styrer og overvåger køretøjets forskellige funktioner.  
Udviklingen af et specielt sæt algoritmer til 2D dækning skal fremhæves, idet det kan 
generere både lige og buede ruter parallelt med en markgrænse, eller parallelt med en 
brugerdefineret kørselsvinkel. De udviklede metoder kan opdele en mark i flere, mindre områder, 
baseret på markens karakteristika. Desuden er en alternativ, forenklet 2D algoritme udviklet til 
ruteplanlægning. Af hensyn til de påmonterede computeres ofte begrænsede ydeevne vil 
algoritmen reducere behovet for computerkapacitet til omkring 30% af beregningstiden for de 
oprindelige algoritmer.  
Af specifikke anvendelsesområder kan nævnes græsslåning, stribeslåning af plæner og 
opmærkning på fodboldstadioner.  
For at minimere køretiden og kørsel på forageren kan benyttes algoritmer, som ud fra 
kørevinkel og køresporenes rækkefølge optimerer kørselen ved at samle sporene i blokke og finde 
den optimale rækkefølge af blokke på en måde, der minimerer kørselsafstand mellem blokkene og 
samtidig undgår kollision med forhindringer på marken.  
Ved at planlægge markarbejdet ud fra en mere præcis topografi for den enkelte mark vil 
energibehovet kunne nedbringes, og derfor blev en 3D algoritme udviklet til at beskrive stigninger 
i terrænet.  Algoritmen kan ved hjælp af trækkraftmodeller med stor præcision vurdere det 
direkte energibehov og dermed finde den optimale rute gennem en ujævn mark. Resultaterne har 
vist en reduktion af energibehovet på 6,5% ved brug af den nævnte 3D konfiguration i forhold til 
det tilfælde, hvor ruteplanlægningen foretages ud fra en antagelse om helt plane marker. 
Reduktionen i samlet energibehov fører til reduceret brændstofforbrug og direkte CO2-
udledning. 
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Currently, new technologies and equipments are being developed as a way to increase 
productivity, safety and reduce human workload in agricultural operations (Rovira-Mas et al., 
2008). These technologies are ranging from navigation-aiding devices that assist the vehicle’s 
driver in following field-work tracks to automated auto-steering systems and fully autonomous 
vehicles. Auto-steering systems are specifically designed to increase productivity thorough 
increased speed, the capability to use wider implements, the ability to perform multiple functions 
with increased precision and accuracy and reduce operator fatigue (O’Connor et al., 1996). 
However, the drawback of the commercially available auto-steering systems is that they rely on 
the experience of the driver in selecting the field area coverage strategy. These strategies may not 
be the optimum ones and following it a year after a year would lead to accumulated reductions of 
operations productivity. Moving to the fully autonomous agricultural vehicles, a more complex 
motion framework consisting of navigation sensors, navigation planner, vehicle motion models, 
and steering controllers are required (Cariou et al., 2009). The advent of autonomous system is 
expected to provide farmers with a complete new range of smart agricultural equipment that can 
do the right thing, in the right place, at the right time and in the right way requiring minimal or 
no human supervision (Blackmore et al., 2005). In both cases, involving automated and 
envisioned fully autonomous agricultural vehicles, explicitly formulated plans are needed. For 
example, explicitly formulated coverage plans make it possible to execute field operations in a 
manner that minimizes operational time, reduce skips or overlaps, reduce soil compaction, etc. 
Therefore, optimized coverage path planning can be considered as a core component of any 
autonomous or semi-autonomous system. Currently, there is no reliable and complete tools 
which can provide the optimized coverage path for multiple field shapes regardless of its 
complexity, the number of the in-field obstacles, and that are applicable to both 2D and 3D field 
terrain (Oksanen, 2007; Slaughter et al., 2008). In this Thesis, the aim is to develop robust, fast 
and reliable software tools that can provide optimized coverage path planning for agricultural 
vehicles so that field operations can be done in a manner that minimizes time, cost, and 
environmental implications. 
1.2 Automatic guided vehicles (AGVs) in agriculture 
Automated guided vehicles (AGVs) are vehicles that can perform desired tasks in 
unstructured environments without continued human guidance. Each type of AVs or robots has a 
certain degree of autonomy and therefore requires a proportional degree of human guidance. In 
agriculture, AVs are designed to reduce labour input and reduce intensive, repetitive, and 
dangerous work and increase farming efficiency and productivity. Research into the automation 
of agricultural vehicles is widely pursued. Some researchers have looked at GPS-based techniques 
for guidance (Erbach et al., 1991; O’Conner et al., 1996; Reid et al., 2000), others have pursued 
computer vision approaches (Billingsley et al., 1995; Gerrish, et al., 1997; Southall, et al., 1999; 
Tillett et al., 2002), and others have investigated a combination of vision with other techniques 
(Pilarski, et al., 1999; Zhang et al., 1999; Li et al., 2009). The main areas of scientific research 
currently being pursued in terms of application of AVs in agriculture include: 
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• Crop scouting and collecting of field data 
• Mechanical weeding and micro spraying  
• GPS guided planting, seedbed preparation, spraying, cultivation, etc.  
• Harvesting 
In essence, agricultural robotics uses on-farm sensing and control to actuate autonomous 
farm machinery with the aim of satisfying agronomy-based objectives (Eaton et al., 2008). On the 
other hand, there are standalone guidance systems which are developed to remove the need for a 
human driver to be physically on agricultural equipments and machines or at least to assist 
him/her to operate it more efficiently. These guidance systems are now deployed in most of the 
newly manufactured agricultural equipments and even can be mounted on old equipments. 
Global positioning system (GPS) is the most widely used position estimation sensor in these 
systems.  Some GPS systems can guide massive agricultural machines as accurately as +/- 2.5cm or 
closer from an established row while moving at speeds of 19km/h or higher (Buick, 2006; Li et al., 
2009). The rapid adoption of these GPS systems is being driven by various factors, including the 
tangible payback that customers receive from their GPS-based guidance systems, improved in-
field productivity, reduced crop inputs such as fuel, fertilizer and chemicals, reduced operator 
fatigue, and the ability to operate machinery longer hours, simple installation,  operation and 
lower cost of guidance technology (Heraud & Lange, 2009). With the advent of these 
technologies, GPS-based guidance systems provide the ability to work efficiently around the clock 
and eliminated the hazards in operations such as spraying pesticides by conducting it at night.  
For autonomous equipments to work efficiently and robustly, it should be able to accurately 
drive along a calculated route obtained through the application of the optimized coverage path 
planning algorithms. In this regard, various position sensing types are used and therefore sensor 
fusion is widely used to combine information from various sensing sources since no individual 
sensing technology is ideally suited for vehicle automation under all modes of use (Bento et al., 
2005). The appropriate sensor will depend on the field status at the time of operation. But even 
under a given field operation, the availability of data from multiple sensors provides opportunities 
to better integrate the data to provide a result superior to the use of the individual sensor. 
Autonomous equipment is usually equipped with a GPS receiver, heading gyroscope, Droppler 
radar, and four-wheel odometry for positioning, a pair of cameras and infrared (IR) sensors for 
obstacle detection and identification (Stentz, 2001). Due to the complexity of the obstacle 
detection problem, many types of sensor data are needed to discriminate obstacles from normal 
terrain conditions. Sufficient information about permanent obstacles can be obtained and 
identified using the field boundaries provided in the shape files used for generating the optimized 
coverage path throughout the entire field. The concept of coverage path planning will normally be 
controlled by GPS information only and therefore the reliability and accuracy of GPS information 
is the key to successful agricultural operations. Due to the open nature of the field terrain, GPS 
provides position estimates of sufficient accuracy enough for accurately executing coverage 
patterns. Since field boundaries are fixed over years, it is much more suitable to provide a 
software system that can provide the vehicle with the optimized coverage path planning over 2D 
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and 3D field terrains. The optimized coverage path can be provided as a sequence of GPS 
waypoints representing field tracks and headland polygons. It can also be provided in the form of 
a standard shape or KML files.  
1.3 Optimized coverage planning 
Coverage path planning is the determination of a path that a mobile unit or robot has to 
follow in order to pass over each point in a given environment or region (Oksanen & Visala, 
2009). Ultimately, a coverage path will minimize some cost function/s, such as time or travelled 
distance. Automated path planning has been studied for the optimization of field operations and 
should be coordinated with specific field operation requirements like machine characteristics, 
and topographic features of the field (Jin & Tang, 2010). Current applications of automatically 
guided field equipment enable the machine to follow straight or curved paths that provide 
complete field coverage, and little operational optimization has been taken into account, 
especially when irregular field boundaries are present. To improve field efficiency and, in 
particular, to fully utilize the advantages provided by automatically guided farming equipment, an 
optimal coverage path planner is considered a key requirement (Sørensen & Bochtis, 2010; Jin & 
Tang, 2011).  
During the last decade, a number of methods for the representation of the field as a geometrical 
entity for field operations planning have been introduced. Fabre et al. (2001) presented a coverage 
path planning approach that minimizes the overlapping between successive tracks. In this 
approach, a driving direction  was chosen as a direction to which successive filed work tracks are 
guided followed by the collection of a set of characteristic points in the headland and an 
associated heuristic greedy algorithm was used to find the covering trajectory. However, this work 
did not report the criteria of how the steering edge was chosen. Palmer et al. (2003) introduced a 
method to generate pre-defined field tracks to reduce the amount of overlapped and missed areas 
and thereby improve operational efficiency. The field and obstacle boundaries were obtained by 
driving a vehicle around the field perimeter while logging the visited coordinates using a 
positioning system and the preferred working direction was defined with the use of an initial 
operator-defined straight line. From this line, a grid of parallel lines was generated and the lines 
were spaced at one implement width from each other in order to cover the entire field. A 
drawback of this approach is that for complex situations, human intervention may be required to 
complete the generation of the course. Ta ïx et al. (2006) proposed a field coverage algorithm for 
convex polygonal fields with at most one vertex of concavity. The field is split into a work area 
and a turning area. The driving direction is given as input (i.e., not computed) and the work area 
is covered by parallel non-overlapping swaths. Non-convex fields and fields with large obstacles 
are subdivided along the boundary segments defined by the concave vertices, and are treated 
separately. Ryerson and Zhang (2007) used grid representation for the field and a genetic 
algorithm was used to find the optimal path (i.e., only one path) travelling through all the field 
grids covering the entire field area. Although this method can be used in grass mowing, it cannot 
be used for covering row crops. In addition, there is no guarantee that it can fully cover the while 
field area and it is suitable only for simple field shapes. Oksanen and Visala (2007) introduced an 
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algorithmic field decomposition method based on trapezoidal split of a complex-shaped field plot 
into simple shaped subfields. Then, using a heuristic search approach, the optimum driving 
direction in each subfield was selected among a set of 6 possible driving directions (0, 30, 60, 90, 
120 and 150). The cost function used was related to the weighted sum of area, distance and 
efficiency (i.e., turning time in headlands). The devised algorithm uses only straight driving 
direction and therefore it works efficiently only for fields with straight edges. Oksanen and Visala 
(2009) used two greedy algorithm approaches to find as efficient a 2D coverage route as possible. 
Their method adopted the trapezoidal decomposition method and searched for the best driving 
direction. The disadvantage of this approach is its long computational time and in addition it 
requires human intervention for completing the route in case of complex shaped fields. de Bruin 
et al. (2009) proposed an elementary method for optimizing the spatial configuration of field 
tracks within agricultural fields while creating space for field margins. The approach assumed 
straight tracks and the optimisation involved an exhaustive search over a discrete set of track 
orientations and positional shifts that are derived from measured field geometry. Also, Hofstee et 
al. (2009) developed a tool for determining the optimum path for field operations in single convex 
fields. Jin and Tang (2010) developed an optimization algorithm which decomposes the field into 
regions and finding the optimal driving direction in each region. The developed algorithms did 
not provide the optimal positions for entering and exiting the field, nor does it provide the best 
solution for travelling between different sub-regions. Jin and Tang (2011) developed 3D terrain 
coverage path planning algorithm for reducing headland turning cost and soil erosion. A common 
characteristic of the abovementioned methods is that an optimal solution cannot be guaranteed. 
It can be summarised that although coverage path planning is a very straight forward problem, 
most of the described approaches are not implemented and therefore the need arises for 
developing more formalised approaches based on a strong mathematical foundation suitable for 
implementation. 
Recently, the idea of minimizing the non-working time or distance by optimizing the 
sequence of the field-work tracks, instead of following standard motifs has been introduced and a 
new type of algorithmically-computed optimal fieldwork patterns (B-patterns) have been 
presented (Bochtis 2008). The method is based on an approach according to which the field 
coverage is expressed as the traversal of a weighted graph, and the problem of finding optimal 
track traversal sequences is equivalent to finding the shortest tours in the graph. The weight of 
the graph arcs could be based on any relative optimisation criterion, such as total or non-working 
travelling distance, total or non-productive operational time, a dedicated soil compaction 
measure, etc. The first experimental implementation of optimal path planning on a field robot 
showed that by using B-patterns instead of traditional fieldwork patterns, the total non-working 
distance can be reduced by up to 50% (Bochtis et al., 2009). Nevertheless, a complete tool that 
generates the geometrical representation of the field and the subsequent optimal coverage plan 
has not been developed yet. Also, a tool or software for coverage path planning is required to be 




1.4 Aims and objectives 
The general objective of this study was to develop robust, reliable, simple, fast and complete 
methodologies and models for optimized coverage path planning involving both 2D and 3D field 
terrains. These algorithms will be able to take into account all field shapes regardless of its 
complexity and without human intervention. Under the direction of such optimized coverage 
path planning measures, field operations will be executed in a manner that reduces operational 
time, driving distances, and consequently, fuel consumption. The perspective is to provide the 
data outputs from these algorithms to the automatic guidance systems, robots, auto-steering 
systems, or even to farmers using a suitable format. For consultation and visualization, it will be 
possible to integrate these data outputs into web-based services such as Google maps. Also, these 
algorithms and models will be combined with simulators of machinery systems and integrated 
into model based decision support systems (DSS) that gives a farmer the opportunity to improve 
his/her understanding of the entire field operation and to test various operational scenarios 
before going to the field, for example, to select the most appropriate functional characteristics of 
his/her new machinery system.   
The expected beneficiaries of this project will include manufacturers and developers of 
agricultural equipments, farmers who are interested in reducing operations cost and human 
workload and maximizing the use resources in arable farming, and researchers who are interested 
in further exploring and researching the potential of resource optimisation, reduction of 
environmental impact, etc. in the realm of  agricultural operations. 
1.5 Outline of the thesis 
The outline of the Thesis is schematically represented in Fig. 1. After the introduction 
(Chapter 1), each research point will be presented in a separate Chapter. In general, the Thesis is 
presented in three main Parts: geometrical field representation of the operational environment is 
presented in Part I, the development of the optimization of coverage path planning is presented 
in Part II and the integration of the planning models into decision support systems (DSS) is 
presented in Part III. In Part I, a set of geometrical representation algorithms for 2D field terrains 
are presented (Chapter 2). These algorithms are capable of generating both straight and curved 
tracks and parallel to the longest edge/side of the field or parallel to a user defined driving angle. 
Besides, it can divide a field into sub-regions and subsequently generate the optimal path 





Fig. 1 – Schematic representation of the outline of the Thesis. 
 
For field operation to be done in a manner that minimizes driving time and distance over 
field surface, driving angle and track sequencing optimization is presented (Chapter 3, Part II). As 
a result of the reduced driving over field surfaces, soil compaction and fuel consumption can be 
reduced. Coverage path planning and optimization are combined with a simulation model of a 
machinery system in order to build a decision support system (DSS) is presented (Chapter 4,Part 
III). The developed simulation system can help a farmer/farm manger to better understand the 
entire field operation and to test various operational scenarios and to test and select mechanical 
specifications which satisfy his/her needs optimally before going to the field. A simplified 
geometrical representation (SGR) algorithm was developed in an attempt to improve the 
performance of the optimization algorithms used to optimize path planning. The developed SGR 
approach requires low computing power of on-board computers and hence timely output can be 
obtained. In the same context, a complete field coverage approach is developed to enable field 
obstacles avoidance. In this approach, field tracks are clustered into blocks where each block 
consists of a number of tracks. The sequence of blocks is optimized in a manner that minimizes 
the connection distance between blocks and avoids collision with permanent obstacles defined 
the field shape file as well (Chapter 5, Parts I & II). Coverage path planning on 3D terrain is 
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introduced in connection with the direct energy consumption optimization (Chapter 6, Parts I, II 
& III). In this approach, 3D field representation is developed and driving angle is optimized in a 
manner which minimizes the total power consumed in driving over the field area. Specific models 
which consider elevation of field terrain in estimating power consumptions are used. A specific 
non-agricultural application of coverage path planning for cutting the grass, grass stripping, etc. is 
presented in Chapter 7, Part I). Discussion and conclusions are then presented (Chapter 8).   
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In this Chapter the developed methods and the results obtained from the separate Chapters 
which make up this Thesis are discussed. The main objective guiding the dedicated research as 
outlined in the Introduction Section was to investigate and conclude if the developed planning 
algorithms significantly will advance optimized autonomous or semi-autonomous operations of 
various fieldworks in bio-production. The developed algorithms and models included: 
1. A field geometrical representation for a user defined driving angle and number of 
headland passes or polygons. 
2. A coverage pattern generator as a sequence of waypoints in UTM coordinates in the form 
of KML or shape file to be manipulated by the vehicle’s on-board control computer or for 
visualization purposes.  
3. An optimized driving angle and track sequence generator for field operations under 
various criteria functions involving minimised operational time, minimised fuel 
consumption, etc. 
4. A clustering of field tracks into blocks followed by an optimum sequence of blocks that 
minimizes the connection distances between blocks and avoids obstacles. 
5. An inclusion of 3D field terrains and terrain elevation as additional information to further 
advance energy efficiency of field operations 
6. A simulation model integrating the individual coverage path planning components as part 
of a dedicated decision support system (DSS) capable of testing operational scenarios. 
 
8.2. Optimized coverage path planning on 2D surfaces 
A set of 2D field geometrical representation algorithms were developed to provide straight 
and curved field work tracks. The developed algorithms can deal with field as a single block or as 
multi-blocks. In multi-block operation, concave field shapes are divided into a number of simple 
convex sub-fields and provide the optimal driving direction in each sub-field. These algorithms 
were based on the minimum bounding box (MBB) principal that enable full field coverage 
regardless of the field’s shape complexity and without any human intervention (Hameed et al., 
2010). A genetic algorithm based approach for optimizing driving angle and track sequencing was 
developed (Hameed et al., 2011a). The resultant optimized path enables field operations to be 
carried out in a manner that minimizes operational time, nonworking travelled distance and 
skipped and overlapped area over the entire field area. Simulation results showed the superiority 
of the developed algorithms in reducing total operational time and hence fossil fuel consumption 
by an amount in the range of 10-15% when applying the optimized routes. For dealing with the 
presence of in-field obstacles a method has been developed in which field tracks are clustered into 
independent blocks and the sequence of blocks is optimized in a manner that minimizes the 
connection distance between blocks. Simulation results showed a systematic and complete 
coverage regardless of the number and arrangement of these obstacles (Hameed et al., 2011b).  
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8.3. Coverage path planning in 3D field terrain 
The terrain structure of many farms has considerable influence on the design and 
optimization of the path planning. A three-dimensional (3D) representation of field terrain will 
not only provide more information to supported automated farming operations but also improve 
the presentation of crop information in GIS (Rovira-Mas et al., 2005). For some of the 3D terrain 
surfaces, there could be problems applying 2D coverage path planning algorithms, which assume 
that fields are flat and ignore elevation changes. Elevation changes or slopes have considerable 
influence on soil erosion, skips and overlaps between furrows, and vehicle’s fuel consumption in 
driving over rolling terrains (Jin and Tang, 2011).As mentioned in the introduction, the only 
reported 3D terrain field coverage path planning is the work of Jin and Tang (2011) where an 
optimized 3D terrain field coverage path planning algorithm has been developed. The developed 
algorithm classifies field terrain into flat and slope areas and then apply the most appropriate 
path planning strategy to each region so as to achieve the minimum coverage cost in terms of 
headland turning cost, soil erosion cost and skipped and overlapped area cost. In this approach, a 
decomposition algorithm is applied to classify the terrain into only flat areas and slope areas 
where the proper planning method can be applied to each sub-region and therefore a global 
solution can not be achieved.  In the present Thesis, a new 3D coverage path planning approach is 
presented based on an optimization algorithm which finds an optimized driving angle enabling 
an agricultural vehicle carrying time-depended load to cover the entire field in a manner that 
minimizes the total amount of energy requirements. The developed approach results the solution 
is capable of optimizing fuel consumption for three roadway or soil conditions (i.e., good, 
medium and bad) in relatively short time by using low computational resources regardless of the 
field shape and terrain complexity. 
8.4. Energy optimization 
Fuel consumption is playing a significant economical and environmental role in arable 
farming and efforts are directed toward reducing the energy consumption in field work (i.e., 
tractors, combines, mowers, balers, etc.) and hence the overall costs of agricultural production 
(Schnepf, 2004). The agricultural vehicles used in various field work activities can emit significant 
levels of undesirable atmospheric pollutant emissions, which include carbon dioxide (CO2) and 
nitrogen oxide (NO), both of which are of major concern due to their contribution to the 
greenhouse effect and to acid rain. Reducing pollutant outputs through fuel economy therefore 
yield both environmental and financial benefits (Tavares et al., 2009). An optimised energy usage 
in arable farming involves the reduction of fuel consumption through the efficient use of the 
available machinery system in terms of efficient operational planning and execution and hence, 
the invoking of optimal field area coverage becomes necessary.  Research into the potential 
savings from the implementation of B-patterns (i.e., optimal track sequences) has shown that the 
savings in terms of operational time ranged from 8.4% to 17.0%, while the mean savings in terms 
of fuel consumption, and consequently the CO2 emissions and other greenhouse gases was in the 
order of 18% (Bochtis et al., 2010). In the presented Thesis, it was shown that the implementation 
of the optimal driving direction in the 3D approach of the coverage planning leads to even more 
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fossil fuel potential savings relative to normal practices.  By reducing the fuel consumption by the 
above mentioned percentages, there is the perspective of roughly savings of 25 million l of fuel 
and 60 million kg greenhouse gasses per year (based on rough estimates using Denmark Statistics 
(2011) and Iowa State University report (2011)). 
Farmers, lacking alternatives, usually select an intuitive driving angle based on their own 
experience, usually following the longest border of the field. The selected driving pattern is 
usually not the optimal one, resulting in excessive use of time and fuel mainly because of turnings 
in the beginning and end of the tracks (over the headland area of the field). Significant reduction 
in fuel consumption can be achieved as a result of the direct application of the optimized 
coverage path planning.  
8.5. Decision support system 
Planning of field operations is essential for the operational efficiency in terms of time and 
cost, especially in complex operations involving capacity constraints and cooperating units. In 
order to deal with such type of planning problems an object oriented simulation which simulates 
in detail in-field machine activities during the execution phase, was developed and applied. The 
simulation model was developed in combination with optimized coverage path planning 
algorithms. It was shown that the simulation model provides all the key operational parameters 
necessary for the evaluation of a selected operational scenario. This makes it feasible to be used as 
an integral part of a decision support system (DSS) for advising farmers about infield operational 
decisions (e.g., traffic system, driving direction, refilling position) and machinery dimensioning 
(e.g., tank capacity, operating width, etc.). As an example, simulation results showed that the 
adoption of the controlled traffic farming (CTF) system increases the operational time 
approximately 5% while at the same time decreases the field efficiency by an amount of about 
8.25%, based on selected field scenarios involving organic fertilising. Another example, regarded 
the selection of the driving direction, where the results showed a decrease in operational time by 
4.5% and an increase in the field efficiency by 6.6% when comparing selected scenarios with 
different driving directions. The developed system can be used by farmers in selecting the 
mechanical specifications of the farm machinery system by testing it for different operating 
widths and tank capacities and selecting the most appropriate one.  
8.6. General conclusions 
The main goals of the Thesis were achieved through the development of algorithmic 
approaches and models for field area geometrical representation and field coverage planning. The 
developed algorithms can be applied on both 2D and 3D field terrains and, in principle, for any 
field shape with any number of obstacles and regardless of the complexity of its shapes. The 
developed methods help in carrying out field operations in a manner which reduces operational 
time and fuel consumption and hence reduces the environmental impact in terms of a 
proportional reduction in the emissions of CO2 and other greenhouse gases. The developed tools 
are able to provide the optimized coverage plan as a sequence of waypoints which can be used 
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directly by the control system of the vehicle. In case of in-field obstacles, a complete field 
coverage approach was developed which involves clustering of field tracks into blocks and then 
arranging these blocks in a manner which minimizes the connection distance between blocks. 
The developed tool enables an agricultural vehicle to avoid collision with field permanent 
obstacles without any human intervention and in a manner that reduces nonworking distance 
and time. It has been shown that the developed approaches can also be used in non-agricultural 
applications that involve area coverage planning. Finally, the developed farm machinery system 
simulator can be used as decision support systems (DSS) to help farmers to better understand 
complex operations and also using it to test various operational scenarios and selecting the most 
appropriate one.  
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Optimized coverage planning provides the ability to accomplish various field operations in a 
manner that minimizes operational time, driving over field surface, fuel consumption and the 
consequent environmental implications. Complete and optimized coverage path planning is a key 
challenge for automated and (future) autonomous agricultural vehicles. Algorithms for generating 
coverage paths should be able to deal with any field regardless of its shape complexity and on 
both 2D and 3D terrains. These algorithms should be fast and suitable for on-board calculations. 
The general objective of this PhD assignment, therefore, was to develop a set of coverage 
planning algorithms to enable the automatic execution of various field operations, such as 
seeding, spraying, harvesting, etc.. To accomplish this goal, the following framework has been 
applied: 
1. A set of complete field area geometrical representation algorithms have been developed. 
The developed algorithms can deal with a field as a single block or as multi-blocks where 
the field area is divided into sub-areas. All these algorithms works on 2D field terrain.  
2. g. Based on this geometrical representation a GA-based optimization tool was developed 
to optimize the field area coverage by finding the driving angle and track sequence which 
minimizes operational time, and skips and overlaps in covered area..  
3. It has been observed that important information is lost when working on 2D terrain and 
therefore, a tool was developed which can produce coverage planning on 3D terrain 
minimizing fuel consumption and environmental impact. 
4. Finally, it was necessary to combine the developed algorithms in a tool able to provide 
farmers with the optimal machinery specifications required to carryout material handling 
operations through the development of an object oriented model to simulate these 
operations. 
During the course of this research, the relationship between efficiency of field operations and 
the applied coverage planning was indicated. From simulation results, it was shown that applying 
an optimized driving pattern can significantly improve the energy efficiency of the field 
operations, e.g. fuel savings could be in the range of 10 to 15% (Hameed et al., 2011) relative to 
normal practices. This provides a significant environmental impact represented in reduced 
emissions of CO2 and other greenhouse gases as a result of the reduced combustion (Dinica, 
2002).  
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Based on the research conducted in this thesis, it was shown that a significant increase in the 
efficiency of field operations can be achieved through the applications of optimized coverage 
planning methods. Regarding the optimization methods adopted in the approach, coverage 
planning is computationally complex (NP-Hard) and the solutions obtained using GAs are near 
optimal.  Therefore, the adoption of other optimization approaches is needed. 
Working on 2D important information about field terrain might be lost as a result of 
ignoring the elevation variations. Working on 3D surfaces is very promising in the regard of 
minimizing fuel consumed and environmental implications. Soil erosion and can be further 
considered in future work.  
As a future work, the developed algorithms and approaches have to be implemented in web 
environment in order to evaluate its efficiency in real field operations and to attract farmers’ 
attention to use and apply this technology. This can be accomplished by implementing the 
algorithms on a web server where the user can use existing web-based services, like Google Maps, 
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